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It has been suggested that phased atomic decay in a squeezed vacuum could be detected in the fluorescence
spectrum emitted from a driven two-level atom in a cavity. Recently, the existence of other very distinctive
features in the fluorescence spectra arising from the nonclassical features of the squeezed vacuum has been
reported. In this paper, we investigate the possibility of experimental observation of these spectra. The main
obstacle to the experimentalist is ensuring an effective squeezed-vacuum-atom coupling. To overcome this
problem we propose the use of a Fabry-Pe´rot microcavity. The analysis involves a consideration of the
three-dimensional nature of the electromagnetic field, and the possibility of a mismatch between the squeezed
and cavity modes. The problem of squeezing bandwidths is also addressed. We show that under experimentally
realistic circumstances many of the spectral anomalies predicted in free space also occur in this environment.
In addition, we report large population inversions in the dressed states of the two-level atom.
@S1050-2947~98!02301-4#
PACS number~s!: 42.50.Ct, 42.50.DvI. INTRODUCTION
Since Gardiner @1# first predicted that squeezed light inci-
dent upon a single two-level atom can inhibit the phase de-
cay of that atom, the number of theoretical investigations of
the interaction between squeezed light and atomic systems
has multiplied. A review by Parkins summarized much of
this work @2#.
Carmichael, Lane, and Walls @3# considered resonance
fluorescence in a squeezed vacuum. They found that for
weak driving fields the linewidth of the spectra could be
drastically reduced, while for large classical applied field
strengths the spectrum became a triplet, as in the absence of
squeezing @4,5#, but with the height and width of the central
peak strongly dependent on the phase relationship between
the squeezed and driving fields. Smart and Swain @6# consid-
ered the spectrum for arbitrary phase values, and showed that
even for resonant excitation the spectrum could be asymmet-
ric when the relative phase FÞ0,p . It was also shown @7,8#
that under conditions of weak to moderate driving a range of
spectral profiles, quite unlike any previously reported, ex-
isted but were very sensitive to small changes in any of the
system parameters. These were further manifestations of the
nonclassical properties of a squeezed vacuum, and were
shown to be associated with the collapse of the atomic sys-
tem into a pure state @9#. The use of squeezed light to gen-
erate pure states in three-level systems @10#, and systems of
two-level atoms @11,12#, had previously been discussed.
These results were derived for the free-space situation,
and required that the atom interact only with squeezed modes
of the electromagnetic field. The best way to overcome this
difficulty appears to be to locate the atom inside an optical
cavity, thereby eliminating the need for a complete 4p solid
angle of squeezing @13–15#. Before turning to this situation
we should point out that a squeezing over a solid angle of 4p571050-2947/98/57~1!/585~14!/$15.00is not required for the two-photon excitation of a ladder atom
by a squeezed vacuum. This situation has been analyzed
theoretically by several authors @16#, and experimentally
~and theoretically! by Georgiades et al. @17#. This experi-
ment was the first to report modification of atomic processes
by the squeezed vacuum. This work suggests that experi-
ments of the type we describe which involve isolating a
single atom in a trap may be feasible in the near future.
The dynamical behavior of a single two-level atom in a
cavity, in the absence of dissipation, is described by the
Jaynes-Cummings model @18#. In resonance fluorescence,
dissipation is an essential part of the system. The atom is
damped by spontaneous emission at the rate g through the
open sides of the cavity which also provide access to the
fluorescence light. Cavity damping, determined by the cavity
mode loss rate k , couples a squeezed vacuum into the system
through one mirror. Hence the interaction is mainly governed
by three parameters: the coupling constant between the atom
and the cavity mode, g , and the decay rates k and g . Very
different behavior is predicted for varying ratios of these
parameters. We are particularly concerned in this paper to
investigate whether the effects predicted for the free space
environment @6,7,8,19,20# persist into the cavity environ-
ment. This is most likely to be so in the bad cavity regime, in
which k is much the largest of the system parameters, al-
though the coupling constant g should be substantially larger
than g to ensure the atom is more strongly coupled to the
cavity mode than the background modes.
Rice and Pedrotti @19# presented an approximate analytic
solution of the master equation in the bad cavity limit. They
considered the possibility of spectral linewidth narrowing in
the fluorescence spectrum of a cavity-contained atom. Smyth
and Swain @20# also considered the interaction in the bad
cavity limit, and showed that with a reinterpretation of the
squeezing parameters ~in particular with a renormalization of
the degree of correlation between the photon pairs in the585 © 1998 The American Physical Society
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mally identical to those for the free atom. It was shown that
many of the earlier predictions did in fact carry over to the
cavity environment, provided one could ensure a large
enough value for the effective degree of two-photon correla-
tion present in the interaction. It is worth noting that some of
the results presented in Refs. @19,20# used reasonably acces-
sible experimental parameters: they were further justified in
Ref. @21# via a numerical solution of the master equation.
However, these cavity analyses were confined to one-
dimensional treatments in which there was no consideration
given to spatial variations, and the effect of the cavity was
absorbed into a single parameter C , the single-atom cooper-
ativity parameter.
In this paper we take into account the realistic three-
dimensional nature of both the cavity and the squeezed field
incident upon it. We consider a Fabry-Perot microcavity, in
which two parallel plane mirrors are separated by a distance
L of the order of the transition wavelength l ~see Fig. 1!.
This model has been considered within the context of
squeezing experiments @13,15#, and we shall see in Sec. II
that the dynamics of the atom in this regime are essentially
the same as in the bad cavity treatment. Here the solid angle
over which the squeezed field propagates is an important
parameter in the analysis, and its effect is manifest in much
the same way as the effective degree of two-photon correla-
tions defined in the one-dimensional bad cavity treatment
@20# .
There are two other important aspects of the interaction
which must be considered—the mode matching of the
squeezed field to the cavity @22–25#, and the fact that experi-
mentally realized squeezed fields are not broadband. The
mode structure of the vacuum field is dramatically altered in
a cavity whose size is comparable to the wavelength. As a
consequence, the mode structure of the incident squeezed
field as compared to the cavity modes is a crucial factor
experimentally. A mode mismatch can have a detrimental
effect on the effective atom-squeezed-vacuum coupling even
if the squeezed field propagates over a sufficiently large solid
angle to cover the cavity modes completely. This problem
has received particular attention @13–15#, and it has been
shown @13# that, provided the phase ~and to a lesser extent
the amplitude! characteristics of the incoming squeezed field
can be suitably matched to the cavity, then a significant re-
duction in the fluctuations experienced by the atom can be
achieved in one quadrature with a squeezed field
FIG. 1. Geometry of the microscopic Fabry-Perot cavity with
the input Gaussian squeezed beam focused at the point z f .of modest angular dimensions. It is essential to take proper
account of the degree of mode matching as well as the ques-
tion of squeezing bandwidths. The squeezed vacua realized
experimentally have bandwidths not much greater than the
atomic transition linewidth. The approximation of treating
them as broadband is an obvious idealization. In this paper
we take into account the actual finite bandwidth aspect of
experimentally produced squeezed fields, with a view to giv-
ing as realistic a treatment as possible ~albeit within the con-
cept of a two-level atom!. This also serves as a means with
which we can assess the practical validity of results derived
under broadband assumptions.
We consider two general scenarios. In the first we take the
input squeezed field to be broadband, and consider two pos-
sibilities for the mode structure. Initially we assume the
mode structure of the squeezed field to match exactly that of
the cavity, referred to as perfect matching. Then we treat it as
a Gaussian polarization matched beam, referred to as imper-
fect matching. This is precisely the type of output produced
in recently developed tunable degenerate parametric oscilla-
tors @26,27#. The second scenario involves taking the proce-
dure one step further and incorporating, explicitly, the finite
bandwidth nature of a realistic squeezed field into the for-
malism.
In Sec. II A we comment on the general principles in-
volved, and obtain the appropriate expressions required for
the three-dimensional treatment of the cavity interaction, for
broadband squeezing. In Sec. II B, a different approach al-
lows for finite bandwidth squeezing. We follow the coupled-
systems approach of Gardiner and Parkins @28#, and obtain a
master equation to describe a two-level atom driven by the
output from a degenerate optical parametric oscillator ~OPO!
and a resonant laser field. Since the full dynamics of the
OPO are included, the procedure is valid for arbitrary
squeezing bandwidths in the below-threshold regime. The
master equation is adapted to treat the case where the atom is
located inside a Fabry-Perot microcavity, as in the first sce-
nario. Our main results are presented in Secs. III and IV,
where we consider various aspects of the atom-squeezed-
vacuum interaction. In Sec. V we summarize our results.
II. EVOLUTION EQUATIONS
A. Broadband squeezing
Here we introduce the equations describing the general
interaction of a single, stationary, two-level atom with a
three-dimensional electromagnetic field. This is then special-
ized to an atom located inside a Fabry-Perot cavity with a
broadband squeezed field. We follow the approach of Refs.
@13–15#, where more detail may be found.
In the electric dipole approximation we have the follow-
ing Hamiltonian for the atom-field system:
H5H01H int , ~1!
with
H05\vasz1\c(
s
E ukua†~k,s !a~k,s !d3k ~2!
and
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s
E @u12gks~r!a~k,s !s11H.c.#d3k, ~3!
where va is the atomic resonance frequency, and sz , s1,
and s2 are the atomic pseudospin operators satisfying the
usual commutation relations
@s1,s2#52sz , @s6,sz#562s
6
. ~4!
In Eq. ~1!, u125^1uuu2& is the electric dipole moment tran-
sition matrix element between the atomic ground state u1&
and the excited state u2& , s is the polarization index, and
gks(r) is the appropriate mode function evaluated at the po-
sition of the atom. This mode function describes the coupling
between the atom and the three-dimensional electromagnetic
field, and has a different structure depending on the configu-
ration of the interaction between the atom and the field. The
operators a(k,s) and a†(k,s), which appear above in Eqs.
~2! and ~3!, describe the three-dimensional field.
When Gardiner @1# first considered the case of an atom in
free space, he pointed out that the mode functions as(k) for
the squeezed field should correspond as closely as possible to
an electric dipole wave, thus giving maximum overlap with
the modes enveloping the atom. Our concern here is also
with ensuring a strong atom-squeezed field coupling; how-
ever, the geometry of the interaction is different due to the
presence of the cavity. For a Fabry-Perot cavity with plate
separation L5l/2, atoms whose dipole moments are parallel
to the mirrors couple strongly and exclusively ~for a cavity
of sufficiently high finesse! to the modes whose propagation
vectors lie within a small solid angle about a line perpen-
dicular to the mirror surfaces. Hence one need only squeeze
these modes to achieve strong squeezed-vacuum-atom cou-
pling @13#. This substantial reduction of the required propa-
gation angle of the squeezing should suit the likely source of
squeezed light, a degenerate O.P.O., which in present experi-
ments produces a near plane wave output.
For a three-dimensional multimode field in free space, the
mode function gks(r) is defined as
gks~r!5S ck2e0\~2p!3D
1/2
eˆkse
ikr
, ~5!
where eˆks is the unit polarization vector, and the mode func-
tion is evaluated at r5(rx,ry,rz), the position of the atom. In
our cavity configuration we assume the two mirrors lie par-
allel to the x-y plane. The first is a perfectly reflecting mirror
located at z50, and the second, a partially transmitting loss-
less mirror, is located at z5L . The partially transmitting mir-
ror has a real reflectivity R and transmissivity i(12R2)1/2
~the same for both directions!. We assume the mirrors are
very large, so that end effects can be neglected. By a consid-
eration of boundary conditions at the mirrors @24#, we obtain
the following expressions for the mode functions gks(r) in-
side the cavity:
gks~r!5S ck2e0\~2p!3D
1/2
Y~uk ,L !~eˆkseikr1eˆks8 eik8r!,
~6!where Y(uk ,L) is the cavity transfer function
Y~uk ,L !5
i~12R2!1/2
12R exp@22ikL cosuk#
, ~7!
with uk the angle between the k vector and the cavity axis.
We have assumed the reflectivity R to be the same for both
polarizations. The polarization vectors eˆks and eˆks8 can be
written as a sum of components parallel and perpendicular to
the x-y plane as
eˆks5eˆks
' 1eˆks
i
, eˆks8 5eˆks
' 2eˆks
i
, ~8!
and similarly, for the wave vectors k and k8,
k5k'1ki, k852k'1ki. ~9!
The mode function Eq. ~6! for the cavity is modified com-
pared to that for free space, Eq. ~5!, by the presence of the
mirrors which is manifest by the function Y(uk ,L). The ef-
fect of Y(uk ,L) is most clearly exhibited in the form
uY~uk ,L !u25
~12R2!
~12R !214R sin2~kL cosuk!
, ~10!
which is identified as the Airy function of the cavity @22#. If
R is close to 1, then this function displays a series of sharp
peaks for angles of incidence such that sin(kL cosuk)50. If
L5l/2, the function Eq. ~10! will exhibit a peak centered at
cos(uk)51 @see Fig. 2~a!#. This means that a strong coupling
is affected only with those modes which are contained in a
small solid angle centered about the z axis. Under these cir-
cumstances it is therefore only necessary to ensure that the
squeezed field propagates over a sufficiently large solid
angle u to cover these modes to ensure effective coupling.
However, this in itself may not prove easy, and of course
there is the added requirement of mode matching. For the
case L5l the form of the cavity Airy function changes since
there is an extra resonance at uk5p/4 @see Fig. 2~b!#. While
the density of the modes at this value of uk is substantially
less than those whose wave vector lies close to the z axis,
their effect cannot be neglected. Thus for a cavity of length
FIG. 2. The cavity Airy function uY(uk ,L)u2 as a function of uk
for R50.99, ~a! L5l/2 and ~b! L5l .
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u of the input squeezed beam is required to squeeze all the
cavity modes. Alternatively, allowing for the possibility of
only being able to squeeze at most a substantial fraction of
the modes centered closely about the z axis ~i.e., no squeez-
ing at all present in the uk.p/4 modes!, then the effective
strength of the squeezed field atom coupling is obviously
reduced from the L5l/2 case. We expect in this case a
degradation of effects which depend on the relative sizes of
the squeezing-dependent contribution and the normal contri-
butions ~here ‘‘normal’’ includes contributions arising from
atomic decay into not only the background modes but into
any cavity modes which are not squeezed!. The ratio of these
two contributions should be maximized in order to demon-
strate the difference between squeezed and classical fields in
atomic interactions.
Using Eqs. ~1!–~10!, and assuming that in addition to the
squeezed vacuum the atom is driven by a coherent laser field,
we obtain the following optical Bloch equations for the time
evolution of the atomic operators in a frame rotating at the
driving laser frequency vL :
^s˙ 2&52
1
2 g@a12ubuN#^s
2&2gubuM exp~ iFG!^s1&
2iV^sz&,
^s˙ 1&52
1
2 g@a12ubuN#^s
1&2gubuM exp~2iFG!^s2&
1iV^sz&, ~11!
^s˙ z&52g@a12ubuN#^sz&1i
1
2 V~^s
1&2^s2&!2
1
2 ga .
These equations have been derived @1,10# inside the rotating-
wave approximation. We consider only the case where there
is exact resonance between all the characteristic frequencies.
Both the Markoff and Born approximations have been em-
ployed. The Markovian approximation applied to the
squeezed reservoir is justified by noting that the spectral fil-
tering of microcavities is typically too broad to reduce the
input bandwidth. The damping rates a and b appearing in
Eqs. ~11! are the decays modified from the free-space values
due to the presence of the cavity. Assuming that the atom is
located at r5(rx,0,rz), and that the squeezed vacuum propa-
gates along the z axis and is focused at r f5(0,0,rz(s)) , the
damping coefficient a corresponding to the normal vacuum
takes the form
ag5
3
2 g
~11R !
~12R !E0
1
du~11u2!
sin2~krzu !
11F sin2~kLu !
, ~12!
where u5cosuk and F54R/(12R)2. In the limit R!1,
with rz5L/2 and L5l/2, a approaches 1.5, in agreement
with the result found by Milonni and Knight @25# for a two-
level atom inside a cavity, as tested by Hulet, Hilfer, and
Kleppner @30#. The parameter b is introduced by the
squeezed vacuum. It depends not only on the position within
the cavity and the propagation angle of the squeezing but its
form varies significantly with the mode structure of thesqueezed field. We consider first the scenario where the
squeezed input is perfectly matched to the cavity. In this case
b5
3
2
11R
12R
1
N B
2~r!, ~13!
where
B~r!5E
cosu
1
du~11u2!
sin2~krzu !
11F sin2~kLu !
J0krx~12u2!1/2,
~14!
with
N5E
cosu
1
du~11u2!
sin2~krzu !
11F sin2~kLu !
~15!
a normalization constant, and J0 the zeroth-order Bessel
function. The second scenario involves modeling the
squeezed input in the form of a Gaussian polarization-
matched beam @15#. In particular, we may choose the mode
functions
as~k!5N G21/2~u*eˆksi !exp@2 14 k2W02sin2uk2ikz fcosuk# ,
~16!
where as(k) is the Fourier transform of a Gaussian input
beam, focused at z5z f , with waist size W0, and NG is now
the modified normalization constant
NG5E
0
1
du~11u2!exp@2 12 k2W0
2~12u2!# . ~17!
In this case,
b5
3
2
11R
~12R !3
1
NG BG
2 ~r!, ~18!
where now
BG~r!5E
0
1
du~11u2!
sin2~krzu !
11F sin2~kLu !J0krx~12u2!1/2
312R cos~2kLu !1iRsin~2kLu !
3expF2 14 k2W02~12u2!2ikz fuG . ~19!
The integrals involved in the above expressions will be
handled numerically. Note that BG(r) is in general complex.
As a consequence there is a phase factor which must be
considered in the Eq. ~11!, and is absorbed into the squeez-
ing phase FG ,
FG5F1FB , ~20!
with
FB5tan
21 ImBG~r!
ReBG~r! ~21!
where we have taken BG(r)5uBG(r)uexp(iFB).
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to the equations describing the free-space interaction. This is
not surprising since, although we take account of the three-
dimensional nature of the interaction, the derivation of the
dynamical Bloch equations ~11! has implicitly involved a
bad cavity assumption @13#. This allows us to use the same
physical arguments as in Ref. @20#, where the important re-
sult was obtained that the effective degree of two-photon
correlation inside the cavity is reduced from that present in
the squeezed vacuum incident on the cavity. For either the
perfect or imperfect mode-matching scenarios, we can use
the following general expression to represent the ratio of the
degree of the effective two-photon correlation present in the
cavity to that present in the input squeezed field:
hc
h
5F11 a2ubuubu~N11 !G
21/2
. ~22!
This expression contains the crux of the problem. The
effective degree of squeezing hc must be made as large as
possible relative to the value h , which describes the same
property for the input squeezed field. In our plots we assume
that the squeezed field is the output from an ideal OPO op-
erating below threshold so that h51. It is immediately ob-
vious from Eq. ~22! that if a5ubu, then hc5h for any N .
However, we must examine the physical significance of this
possibility. The variation of the decay constants a and b as
functions of cavity position as well as the mirror reflectivity
R and separation L is portrayed in Figs. 3–5. In Fig. 3 we
plot the constant a as a function of rz , the z component of
the position in the cavity. The two lines correspond to a
cavity mirror separation of L5l/2 ~solid line! and L5l
~dashed line! in both frames. In frame ~a! the mirror reflec-
tivity is taken to be R50.99, while in frame ~b! it has the
increased value R50.999. The form of the curves in each
case can be readily understood from the plots of the cavity
Airy function given in Fig. 2, together with the form of the
integrand itself. For a mirror separation of L5l/2, the cavity
field antinode for the half-wavelength occurs at rz5L/2,
midway across the cavity and so at this point decay to the
FIG. 3. The decay constant a as a function of the rz component
of atomic position in the cavity for ~a! R50.99 and ~b! R50.999.
The solid line in each frame corresponds to a mirror separation of
L5l/2, while the dashed line is for L5l .background modes is maximized. On the other hand for
L5l , the center of the cavity constitutes a field node and
consequently the decay rate which is maximized at the anti-
nodes now occurs at positions rz5L/26L/4, i.e., symmetri-
cally placed about the central z position and midway be-
tween the cavity center and the mirrors. As rz approaches
zero, i.e., as we approach the perfect mirror (R51), the
value of a tends to zero. However, as rz approaches L , i.e.,
heading toward the imperfectly reflecting mirror (R,1), the
value of a becomes very small but not zero. This should, of
course, be the case from physical considerations, and this
explains the very mild asymmetry in the functional depen-
dence of a on rz .
In Figs. 4 and 5 we concentrate on the dependence of the
decay constant b as a function of both the z position and on
the angle over which the squeezed field is propagated. In
these figures we have assumed the value rx50, so that the
atomic position here only varies as a function of z . This
simplification will be relaxed below. Also for ease of expla-
nation, at present we present plots for the case of perfect
mode matching only. We have already mentioned that it is
important to try to maximize the contribution from the decay
constant b . The effect of u can be seen in Fig. 4, where we
plot b against rz and u . The z dependence of b is predictably
similar to that of a , but it may be seen that as the value of u
increases the value of b quickly saturates to its
FIG. 4. The decay constant b calculated explicitly as a function
of rz and u , the propagation angle of squeezing for R50.99 and
L5l/2.
FIG. 5. The decay constant b calculated explicitly as a function
of rz and u , the propagation angle of squeezing for R50.99 and
L5l .
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ditions of rx50, b tends very rapidly to the value of a for
u>p/10. This is readily understood from the plot of the
cavity Airy function given in Fig. 2~a!. For a cavity of length
L5l/2 the modes are tightly bundled about the z axis so that
the squeezing need only propagate over a sufficiently large
solid angle to cover these modes to ensure an strong atom-
squeezed-vacuum coupling.
In Fig. 5 the mirror separation has been increased to
L5l . The same principles apply. The cavity Airy function
for a separation of L5l was given in Fig. 2~b!, where it was
shown that the mode structure for the cavity now contains
surplus modes corresponding to an extra uk resonance, as
well as those bundled tightly about the z axis. This requires
the propagation angle u to be substantially larger than was
required for the L5l/2 case to maximize the value of b both
absolutely and relative to a . This is an added problem for
this size of cavity.
It is clear from these figures that as far as satisfying the
condition a'ubu goes ~for perfect matching!, this can
achieved more or less arbitrarily along the cavity axis under
appropriate circumstances. However, when the atom is situ-
ated near one or other of the two mirrors (R51 and R,1)
then both these decay constants become very small. While
this might yield a value of hc!h , from a practical point of
view this constitutes no advantage, since for an atom situated
near either of the mirrors the emission rate to the background
modes is significantly reduced, thus making the fluorescence
difficult to observe. Optimally we desire a situation where
the magnitude of the decay constant b is as large as possible
relative to the constant a , and simultaneously absolutely as
large as possible. The region of the cavity where both these
criteria can be optimized simultaneously varies depending on
the cavity geometry—in particular, as the cavity length is
altered, then the position of the amplitudes ~and nodes! of the
cavity field will shift accordingly, and therefore so will the
ideal position. The conditions for maximizing the effect of
squeezing also depend crucially on the solid angle of propa-
gation of the incident squeezed field as well as the mode
matching. These factors we consider below. We note from
expression ~19! for the case of a Gaussian squeezed beam
that it is not possible to achieve ubu5a under any circum-
stances, and consequently we cannot have hc5h . This ob-
viously constitutes a problem in attempting to reproduce any
results which are extremely sensitive to values of h,1, as,
for example, some of the anomalous spectra in the case of
strong squeezing. This problem is compounded by the fact
that the Gaussian squeezed beam is assumed broadband
~squeezed white noise!. In this respect the treatment is still
rather idealized. We are required to take account of the fact
that, in experiments which may be performed in the near
future, the squeezing will be narrow band.
B. Narrow-band squeezing
Here we outline the main features involved in treating the
problem of driving an atomic system with Gaussian but non-
white squeezed light, a good model for the light produced by
a degenerate parametric oscillator. We use the coupled-
systems approach of Gardiner and Parkins @28#. ~See Car-
michael @29# for a different approach.! In this procedure, oneconsiders a quantum system consisting of two subsystems. A
field b in(1,t) drives the first system, and gives rise to an
output bout(1,t) which, after a propagation delay t , becomes
the input field b in(2,t) to the second system. ~In our case, the
first system is the parametric oscillator, and the second sys-
tem the atom in the Fabry-Perot cavity.! In the coupled-
systems approach it is assumed that the output from the first
system drives the second system without there being any
coupling back from the second system to the first. In experi-
mental situations this may be achieved by isolation tech-
niques. It is possible to write such a one-way coupling into a
Hamiltonian. In particular, for the case of an atomic system
driven by the output from a degenerate OPO, the Hamil-
tonian takes the form
H5Hsys1E
2`
`
dv \uvub†~v!b~v!1i\E
2`
`
dvk1~v!
3$ab†~v!2a†b~v!%1i\E
2`
`
dvk2~v!
3$s2b†~v!e2ivt2s1b~v!eivt%, ~23!
where
Hsys5\vsa†a1
1
2 \vasz1E~a†!2e2ivpt2E*~a2!eivpt,
~24!
is the Hamiltonian for a classically driven parametric oscil-
lator, with E and vp the pump amplitude and frequency re-
spectively, vs the frequency of the OPO mode which is rep-
resented by the operators a , and a†, and va is the atomic
transition frequency. In the treatment to follow we will as-
sume the resonance va5vs5vp/2. From the above Hamil-
tonian we may deduce the following equation of motion of
the reservoir operator b(v):
b˙ ~v ,t !52iuvub~v ,t !1k1~v!a~ t !1k2~v!s2~ t !e2ivt,
~25!
and if O is taken to be any operator in the Hilbert space of
either the OPO or the two-level atom, then it has the equa-
tion of motion
Oˆ 52i/\@O ,Hsys#1E dvk1~v!$@a ,O#b†~v ,t !
2b~v ,t !@a†,O#%1E dvk2~v!$@s2,O#b†~v ,t !
2b~v ,t !@s1,O#%. ~26!
Substituting the formally integrated solution of Eq. ~25! into
Eq. ~26! results in the following general quantum Langevin
equation:
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1Ag1b in† ~ t !J @O ,a#2@O ,s1#H g12 s21Ag1g2a~ t2t!
1Ag2bin~ t2t!J 1H g22 s11Ag1g2a†~ t2t!
1Ag2bin~ t2t!J @O ,s2# , ~27!
where g15k1(vs)/2 and g25k2(vs)/2. The input field
b in(t) is defined as
b in~ t !5E dv e2iuvu~ t2t0!b0~v!, ~28!
and we have used the relations
bout~1,t !5b in~1,t !1Ag1a~ t ! ~29!
and
b in~2,t !5bout~1,t2t!5b in~1,t2t!1Ag1a~ t2t! ~30!
to replace b in(1,t) by b in(t). Equation ~27! is the central
equation and the major technical difficulty is the fact that it
contains operators evaluated at the two distinct times t and
t2t . However, because the driving is one way t may be
chosen arbitrarily; the value of t simply shifts the origin of
the time axis for the driven atomic system. As a result of this
Eq. ~27! can be rewritten in terms of advanced operators
with Oˆ (t) replacing O(t2t). Having done this it remains to
convert the modified Eq. ~27! to an Ito stochastic differential
equation from which an appropriate master equation can be
derived. The procedure for doing this is rather involved, and
a detailed derivation is not the intention here, although it
should be pointed out that the method works only because
the driving is one way. The reader is referred to the original
papers @28# for a full and rigorous treatment. For our pur-
poses it will suffice to write down the resulting master equa-
tion, where we consider the atom to be driven by a resonant
laser field as well as squeezed light. Specifically, in a frame
rotating at the resonance frequency vL , we have
r˙ 5
1
2 @E~a
†!22E*~a2!,r#1
1
2 @Vs
21V*s1,r#
1
1
2 k~2ara
†2a†ar2ra†a !2Ahkg$@s1,ar#
1@ra†,s2#%1
1
2 g~2s
2rs12s1s2r2rs1s2!,
~31!
with V being the driving laser Rabi frequency. This one-
dimensional equation was derived with the assumption that
the atom is located in free space and the parameter h mea-
sures the fraction of background modes which are squeezed.
Clearly for the squeezed light to have an appreciable effect,
h should be as close to 1 as possible—a serious practicalproblem. As stated above, the effective squeezed-vacuum-
atom coupling can be substantially increased by placing the
atom inside a cavity. In the case of a Fabry-Perot microcav-
ity the dynamics of the system are formally the same as in
free space. We can mimic the effect of such a cavity on the
above system by replacing g with ag @Eq. ~12!# and h with
b/a @b from Eq. ~18!#. This enables us to compare with the
broadband treatment, where the cavity parameters are taken
into account explicitly.
In a broadband or white-noise treatment, squeezing is rep-
resented by the two real parameters N and M
@M 2<N(N11)# as in Eqs. ~11!, N being the mean photon
number of the squeezed vacuum, and M providing a measure
of the strength of correlations between photon pairs. These
parameters are independent of frequency since the spectrum
of squeezing is assumed perfectly flat and infinitely broad. In
practice this is not the case. For a squeezed vacuum field
produced by an ideal degenerate OPO @represented dynami-
cally by the first and third terms on the right-hand side of Eq.
~31!# squeezing exists in one quadrature of the field over a
frequency bandwidth of k12E , with the bandwidth of the
antisqueezed quadrature being k22E . ~The broadband limit
is approached when both of these become very large.! The
squeezing parameters are now frequency dependent, with
N~v!5aEF 1
~a2E !21v2
2
1
~a1E !21v2
G , ~32!
where a5k/2.E for the below threshold regime, and we
have implicitly
M 2~v!5N~v!N~v!11, ~33!
i.e., minimum uncertainty squeezing. N(v) and M (v) are
Lorentzian-type functions with heights and widths deter-
mined by the dynamical variables k and E . In particular we
have, for the height of N(v),
N~0 !5S 2aE
a22E2D
2
. ~34!
The half-width at half the maximum value m is given by
m25A2~E41a4!2~E21a2!. ~35!
The height and width of M (v) can be easily deduced
using the relation in Eq. ~33!, and is larger than that of N(v).
Note that N(0) depends only on the ratio of k to E , and not
on their explicit values. This means that N(0) can be fixed
by fixing r5a/E , while simultaneously allowing m to vary
by changing the explicit values of k and E . Thus for a given
value of N(0) we can assess the effect of changing band-
widths while the ‘‘strength’’ of the squeezing is kept con-
stant. This provides the most transparent means of compar-
ing the two squeezing scenarios. In the results to be
presented, we shall adopt this approach. Also, we shall as-
sume throughout the broadband treatment that the squeezed
field incident upon the cavity is minimum uncertainty
squeezed, i.e., M 25N(N11) @a result implicit in the
narrow-band treatment, Eq. ~31!#.
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features of this driven atomic system. Using Eq. ~31!, we can
obtain numerical solutions for arbitrary bandwidths of
squeezing ~colored noise!, while with Eqs. ~11! we have the
extra insight of analytic expressions provided the squeezed
reservoir is assumed broadband ~white noise!. In either case
the quantum regression theorem @31# allows us to investigate
the steady-state features of the resonance fluorescence spec-
trum. We are also interested in the steady-state atomic purity
in connection with the anomalous spectra and the popula-
tions of the dressed atomic states.
III. STATIONARY DRESSED-STATE POPULATIONS
The semiclassical dressed states of a two-level atom
driven by a resonant laser field are given by
ua&5~ u0&1eifu1&)/A2,
ub&5~ u0&2eifu1&)/A2, ~36!
with f the laser phase. The steady-state populations of these
states can be given in terms of the steady-state solutions of
the atomic observables ^s6& and ^sz& . Explicitly for
d5va2vL50, we have
raa5
1
2 ~11^sz&ss!,
rbb5
1
2 ~12^sz&ss!. ~37!
Here
^sx&5
1
2 @^s
2~ t !&1^s1~ t !&# , ~38!
and for the case of broadband squeezing we obtain the fol-
lowing analytic solutions from the Bloch equations ~11!:
^sx&ss5
1
2 VaubuM sinFG /D ,
^sz&ss52
1
2 n2/42~ ubuM !2/D , ~39!
and
D5nn2/42~ ubuM !21V2~n/22ubuM cosFG!, ~40!
with
n5a12ubuN . ~41!
In the case of narrow-band squeezing we obtain the popu-
lations numerically using the simple relation ^A&ss
5Tr f(rssA), where rss is the steady-state solution of Eq.
~31!, and A is an arbitrary system operator.
The behavior of the dressed-state populations as a func-
tion of the system parameters was studied in Ref. @32#, where
it was shown that large dressed-state inversions could be
obtained under appropriate conditions. These conditions re-
quired a value of the squeezing phase different from F50 orp , since the two dressed states are equally populated for
these phase values under the resonant conditions we consider
here. This model shows that asymmetric fluorescence spectra
result from unequally populated dressed states @6#. It was
shown that for F5p/2, the maximum inversion in the
dressed-state population occurred at V5g/A2 as N!` .
The values of V providing the maximum were shown to give
rise to dispersive spectra @7#. In Ref. @32# we investigated the
sensitivity of both the dressed-state inversions and the dis-
persive profiles to changes in the optimum values of the
system parameters. In Fig. 6 we show the upper dressed-state
population raa as a function of the driving laser Rabi fre-
quency V and m , the half-width of N(v), for squeezing
phase F5p/2. This has been included for two reasons; first,
from the figure it is clear that qualitatively the same behavior
as a function of V exists in the finite bandwidth case as was
shown to exist for broadband squeezing @32#, and, second, it
is clear that under appropriate circumstances substantial
dressed-state inversions can be obtained for realistic values
of the squeezing bandwidth @appreciable inversion,
raa.68%, even for m5g/2 , corresponding to k.g with
k/2E53.2 for N(0)50.5#. The figure demonstrates how
quickly the upper dressed-state population converges as a
function of m; it has essential converged, raa.72%, for the
value m5g (k.3.5g). Although not shown here for stron-
ger squeezing, larger inversions are possible, and these in-
versions converge even faster as a function of m . As far as
the results for dressed-state inversions are concerned, the ef-
fect of squeezing bandwidths can be inferred from Fig. 6;
once the half-width m has exceeded the value g , there is
essentially no difference between narrow-band and broad-
band results. In the remaining results to be presented the
squeezing phase F will be fixed at F5p/2, and the Rabi
frequency V will be selected to maximize the effect. We
consider the possibility of producing large dressed-state in-
versions for practical cavity parameters, and investigate
whether these inversions can be maintained over substantial
cavity volumes. This is an important factor if one is con-
cerned with exploiting the gain implicit in a population in-
version, as, for example, in an attempt to produce laser os-
cillation on a dressed-state transition @33#.
FIG. 6. The upper dressed-state population raa as a function of
V and m , the half-width N(v). R50.99, L5l/2, rx50, rz5L/2,
and u5p/10, and the input squeezed field has a mean photon num-
ber N(0)50.5 ~corresponding to k/2E53.2) and squeezing phase
F5p/2. A value of m50 infers no squeezing.
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function of the z component of the atomic position within the
cavity and the propagation angle of the squeezing u . The
single input-output mirror has a reflectivity R50.99, and the
mirror separation is taken as L5l/2. For simplicity we as-
sume rx50 in this figure. The input broadband squeezed
field is considered to have minimum uncertainty (h51), a
mean photon number of N50.5, and is assumed to be per-
fectly matched to the cavity modes. It is not difficult to assert
from the Bloch equations ~11!, that, due to the particular
dependencies of the decay constants a and b on both the z
component of position and on the propagation angle of
squeezing, the specific value of the Rabi frequency V which
maximizes the inversion will change as these two parameters
change. The variation of this value of V is less sensitive to u
than to rz , and in the figure it has been chosen to give the
maximum inversion at the position rz5L/2 i.e., at the center
of the cavity. Since the center of the cavity, for the particular
mirror separation chosen here, corresponds to the field maxi-
mum, it follows from our physical arguments above, with
respect to maximizing the decay constants themselves, that
choosing V to maximize the inversion at this point returns
the maximum possible inversion obtainable in a cavity of
this length, given the present values of the other parameters.
The figure clearly shows that large inversions are indeed pos-
sible not only at the center of the cavity but for positions
considerably removed from the center position in the z di-
rection. It is clear that the inversion as a function of u very
quickly reaches its maximum value. Even for the modest
value u'p/10 the inversion is essentially maximized. This
should not be surprising when one refers back to the cavity
Airy function for L5l/2, as given by Fig. 2~a!. The Airy
function consists of a single peak corresponding to modes
spread over a small solid angle about the z axis, so that as the
value of u is increased to u'p/10, all the cavity modes are
squeezed—hence the large inversion. Although we have not
included a figure for the case where R50.999, for this in-
creased reflectivity the overall inversion attainable is in-
creased by about 1%, and the maximum is reached even
more quickly as u increases from zero.
In Fig. 8 we plot the population for the cavity length
L5l , perhaps a more likely experimental value in experi-
ments involving atomic transitions at optical frequencies.
FIG. 7. The upper dressed-state population raa as a function of
rz and u , the propagation angle of squeezing. R50.99, L5l/2,
and rx50, and the input squeezed field has a mean photon number
N50.5, and is perfectly matched to the cavity modes.The behavior has been significantly modified from that in
Fig. 7. The inversions attainable in terms of the squeezing
solid angle u can, in this case, be separated into two distinct
regions. Also, it is to be noted that the Rabi frequency has
been selected to give maximum inversion at the positions
corresponding to cavity field amplitudes, that is, for
rz5L/26L/4, which will clearly result in the largest attain-
able inversion for this length of cavity. For small values of u ,
such that cosu.0.5, the upper dressed-state population is
confined to be less than 70%, while for u.cos210.5 there is
a sudden increase in the dressed inversion, and it becomes
maximized very quickly to 85% for any further increase in u .
The two regions can again be explained directly in terms of
the cavity Airy function. For a cavity of length L5l , as we
consider in this figure, there exist surplus modes correspond-
ing to the extra resonance in the Airy function, so that the
mode structure of the cavity is significantly modified from
the previous case. It is now necessary to squeeze not only the
modes centered closely about the z axis, but also those extra
sideways modes, if one wants to effect a strong squeezing-
dependent contribution to the overall decay and consequently
to the effective degree of two-photon correlations. In order to
squeeze all the cavity modes in this instance, the squeezing
must be incident over a solid angle of at least u.cos210.5
about the z axis. This would constitute quite a problem if the
intention was to use as the source of squeezing the presently
most likely device of a degenerate OPO. Having said this, of
course, reasonably large inversions can still be obtained, as
the figure shows, even for relatively small values of u .
In Figs. 7 and 8, only the variation of the populations in
the z direction is taken into account. It is instructive to in-
vestigate how well these dressed inversions can be main-
tained as one considers that the atoms could enter the cavity
along the x axis. Then the coupling constant between the
atoms and the cavity modes depends on position as atoms
move through the cavity. Thus we illustrate in Fig. 9 the
dependence of the population inversions on the positions of
the atoms along the x axis. This would allow for the possi-
bility of an atom interacting in a position which happens to
be astride the main focusing region of the beam where one
would obviously expect the effect of the squeezing to be
reduced. The effects of allowing the x component of atomic
position to vary are shown in Fig. 9. Plots ~a! and ~b! repre-
sent the upper dressed-state population as a function of rx for
the cases of broadband and narrow-band squeezing, respec-
tively. In part ~a! the squeezed field is assumed to be per-
FIG. 8. Same as Fig. 6, except L5l .
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therefore, be considered to be the results of a best-case sce-
nario as far as squeezing bandwidths and mode matching are
concerned, and this plot is included for the purposes of com-
parison with the more realistic case considered in part ~b!. In
this figure the squeezed beam is assumed to be Gaussian and
the half-width of N(v) takes the value m5g . It is clear that
the maximum attainable inversion, while somewhat reduced
from the values in part ~a!, remains substantial even for dis-
placements of several multiples of the atomic transition
wavelength from the optimum position, an encouraging re-
sult.
IV. FLUORESCENCE SPECTRUM
The spectrum of the resonance fluorescence can be calcu-
lated using the quantum regression theorem @31#, together
with the Bloch equations ~11! or the steady-state solution rss
of the master equation ~31!. For broadband squeezing, due to
the analogy drawn between the bad cavity dynamics and
those of the free-space evolution, formally the same expres-
sion for the fluorescence spectrum exists in both cases, tak-
ing into account the modified parameters. Thus the formula
for the spectrum is identical to that of the bad cavity analysis
@20#, the only difference being the replacement of the decay
rates describing the three-dimensional interaction. There is
no need to rewrite the expressions here and we simply
present the results from the evaluation of the corresponding
analytic formula @20#. The figures to be presented for the
case of narrow-band squeezing are the result of a numerical
calculation of the spectrum.
We will consider separately the spectrum in the weak to
intermediate and the strong driving regimes. The weak to
intermediate driving regime gives rise to anomalous spectra,
and with the connected collapse of the atom into a pure state.
In the strong driving regime we will consider the squeezing-
induced, phase-dependent, linewidth narrowing of the central
Mollow spectral line.
FIG. 9. The upper dressed-state population raa as a function of
rx and rz . In ~a!, we have R50.99 and L5l/2 . The squeezed field
again has N50.5, and is perfectly matched to the cavity. The angle
of propagation of the squeezing is taken as u5p/10. In ~b!, the
parameter values are the same as ~a!, except the beam is now nar-
row band and Gaussian with m5g .A. Anomalous spectra and atomic purity
In Ref. @20# we presented the anomalous spectra, that is,
spectra with unusual profiles, in the presence of a squeezed
vacuum and a driving laser field. There are two main forms
of the spectrum: those which exhibit hole burning, which
occur with F50, and the dispersive profiles for F5p/2.
These phenomena are due to the quantum nature of the
squeezed vacuum, and disappear for fields with a classical
analog. We wish to investigate whether they occur in this
more realistic cavity analysis. We begin with hole burning,
which has been shown to persist strongly for relatively small
values of the squeezed-field photon number N . We show first
the results for perfect matching.
In Fig. 10 we plot the spectrum against the angle of
propagation u . The value u50 signifies that there is no
squeezed-field input at all, i.e., the cavity is simply damped
by vacuum fluctuations and standard fluorescence takes
place. However, with the introduction of squeezing, imple-
mented by nonzero u , the spectrum soon exhibits hole burn-
ing as u increases, and marked hole burning is obtained for
very modest values of u .
To complement this result, we took into account the con-
sideration of mode matching the squeezed field to the cavity.
As mentioned above, we selected values for the Gaussian
beam waist W053.5l and the focusing z f525l which
maximize the matching characteristics for input propagation
angles of the order u5p/10. The resulting spectrum is given
in Fig. 11~a!, where it can be seen that clearly hole-burnt
spectra are returned for these readily accessible parameter
values even with imperfect mode matching. Also, Fig. 11~b!
is included to show that, under these circumstances, the dy-
namical equilibrium state of the atom approaches that of a
pure state, this result also being of much interest.
The link between anomalous spectra and the collapse of
the atom into a pure state has been established @9,20#. In the
bad cavity analysis, we derived a simple condition between
the diagonal and off-diagonal density-matrix elements which
had to be satisfied for the steady state of the atom to be
exactly a pure state. It was pointed out that this condition
could only be satisfied exactly for F50 and in the limit of
strong squeezing (N@1), in which case a pure state resulted
for V50.5. For other phase values the steady state achieved
was only approximately a pure state. A prescription for lo-
cating the anomalous spectra has been presented @8# which
FIG. 10. The resonance fluorescence spectrum vs u ~in units of
p) with V50.375g, N50.05, and F50, and R50.99, L5l/2,
rx50, and rz5L/2.
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minimize the spectral intensity at the line center. It was
shown that, for strong squeezing, the values of the Rabi fre-
quency which minimize the line center intensity coincide
with the values that maximize the degree of atomic purity.
However, for small values of the squeezing photon number
N , there is a discrepancy. This is apparent in Fig. 11, where
for N50.05 there is a small difference between the value of
V which produces hole burning, and the value which pro-
duces a pure state. We can explain this difference by consid-
ering the normal form for the spectrum in the cases of strong
and weak squeezing. In the presence of a squeezed vacuum
field, the two quadratures of the atomic polarization decay at
different rates @1#. One quadrature decays at an enhanced rate
relative to the normal vacuum decay, while the other is in-
hibited. As far as the fluorescence spectrum is concerned,
this results in two Lorentzian contributions: one broader and
the other narrower than the natural atomic linewidth. De-
pending on the strength of the squeezing the widths of these
two Lorentzians can be either reasonably similar or very dif-
ferent indeed. In the limit of very strong squeezing one con-
tribution becomes arbitrarily narrow, while the other is natu-
rally very broad and flat. Under these circumstances it is the
sharp peak which is the main feature of the spectrum. Thus
the fluorescence occurs mostly at the line center frequency
va5vL . For weak squeezing the spectrum has a larger
spread about the line center, i.e., there is a substantially
smaller proportion of the overall fluorescence taking place at
the line center than in the case of strong squeezing. This can
be used to explain the apparent discrepancy in the optimizing
values of V as follows: The anomalous spectra were shown
to arise when the so-called normal contributions to the spec-
trum were minimized, involving a very substantial reduction
of the fluorescence at the line center. In view of this marked
reduction in spontaneous emission, it is perhaps not surpris-
ing that the steady state of the atom should become less
highly mixed as a result.
However, the question arises as to why, in the limit of
weak squeezing, the minimization of the emission at the line
center does not correspond exactly to the maximization of
FIG. 11. ~a! The resonance fluorescence spectra in a 3D plot
with the Rabi frequency V . ~b! Resulting steady-state atomic purity
S against V , with S50 corresponding to a pure state. Parameter
values as in Fig. 10.the degree of atomic purity, as is the case for strong squeez-
ing. Maximizing the degree of atomic purity would surely
correspond to a situation where the overall power of the fluo-
rescence is minimized. This being the case then it may not be
unreasonable to assume that, in the limit of weak squeezing,
when the spectrum has a larger spread about the line center
than for strong squeezing, minimizing the intensity at the
line center may not correspond to minimizing the overall
fluorescent intensity. On the other hand, in the limit of strong
squeezing, when the vast majority of fluorescence takes
place at the line center, then in this instance minimizing the
line center contribution may well correspond to minimizing
the overall fluorescence and thereby simultaneously maxi-
mizing the degree of atomic purity.
It is worth noting that although Fig. 11 is a result for
broadband squeezing, a qualitatively identical plot is pro-
duced by replacing the broadband Gaussian beam by narrow-
band squeezed light with the value of m being as little as
0.4g ~see Fig. 12!. Thus it is clear that these spectra are very
robust indeed, and accessible experimentally. In rounding up
our considerations of hole burning we draw attention to the
fact that the presence of squeezing is essential for hole burn-
ing in our model; for N50, it simply does not exist.
Spectral holes of nonclassical origin have been reported
previously. Lugiato @34# found holes in the transmitted spec-
tra for absorptive optical bistability in the good cavity limit,
and pointed out that they were of nonclassical origin. Rice
and Carmichael @35# also showed that hole burning may arise
in the spectrum of the light transmitted through a cavity;
however, the mechanisms involved are different. In the sys-
tem they considered the hole burning was a result of the
squeezing produced in the interaction rather than squeezed
light being input into the system. There are other important
differences between the two phenomena. For the system dis-
cussed by Rice and Carmichael, no external squeezed field
was applied, but the presence of the cavity was essential.
Hole burning was predicted in the good cavity limit. For the
situation we discuss here, the external squeezed driving field
is essential, but the presence of the cavity is not. The phe-
FIG. 12. The resonance fluorescence spectrum produced using a
narrow-band Gaussian squeezed beam with m50.4g @correspond-
ing to k.1.3g with k/2E.9 for N(0)50.05# and other parameters
as in Fig. 11, and the value of V corresponding to that which
minimized the line-center amplitude L(0) in Fig. 11~a!.
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the cavity is introduced as a means of realistically observing
them, although it tends to degrade the effects sought because
the presence of the cavity inevitably reduces the strength of
the two-photon correlations in the squeezed input. The ef-
fects we seek arise in the bad cavity limit.
We now turn our attention to the dispersive profiles,
which in the free-space analysis were shown to arise for a
value of the squeezing phase F5p/2 and for a small range
of values about the point V/g51/A2 ~for large N). As for
the case of the hole-burning spectra, we begin by assuming
that the mode structure of the squeezed field is perfectly
matched to that of the cavity. Figure 13 shows the fluores-
cence spectrum as a function of u , the solid angle of propa-
gation of the squeezed field. The single transmitting cavity
mirror is assumed to have a reflectivity R50.99 and the two
mirrors have a separation of L5l/2 . The interaction is again
assumed to be taking place at the center of the cavity,
r5(0,0,L/2), and the incident squeezed field has N51. We
have cut through the large peak which occurs at small angles
of u . The Rabi frequency has the value V50.9g . As in the
hole-burning case, the optimum value of V for seeing these
anomalous features is a function of u , but we have taken a
fixed value here, the value that roughly maximizes the dis-
persive line shape at the largest value of u shown, u50.2p .
The dispersive nature of the spectrum is readily apparent, but
we need larger values of u to see the dispersive profiles than
we did to see hole burning. In order to see the dispersive
profiles most clearly, one needs a large value of N . This is
because the curvature of the broad peak on which the disper-
sive profile is superimposed tends to obscure the dispersive
line shape. For large values of N , say N.5, the background
becomes essentially flat, and the dispersive line shapes are
evident. These values are difficult to obtain experimentally at
present.
In Fig. 14 we treat the incident squeezed field as a
narrow-band Gaussian beam. The spectrum in each frame
corresponds to line center minimizing values of V , and m
has the values 8g , 4g , 2g , and 0.5g in frames ~a!, ~b!, ~c!,
and ~d!, respectively. We have implicitly assumed in this
Gaussian-matched scenario that the input squeezed field
propagates over an angle u'p/10. Recall that the mode
FIG. 13. The resonance fluorescence spectrum vs the squeezing
angle of propagation u for V50.9g, N51, and F5p/2, and
R50.99, L5l/2, rx50, and rz5L/2 for perfect mode matching.waist and focusing parameters W0 and z f were chosen to
maximize the matching characteristics for this value of u . It
is clear from the figure that the spectrum retains a dispersive
form only for very large bandwidths of squeezing, frames ~a!
and ~b!. In frames ~c! and ~d! the spectra are no longer dis-
persive, although it is still asymmetric. Thus it is obvious
that dispersive spectra will be difficult to observe.
B. Spectral linewidth narrowing
Finally, we consider linewidth narrowing in the presence
of a squeezed field, Fig. 15. The first predictions of this were
given, within the context of the emission spectrum of a
single two-level atom decaying in a broadband squeezed
FIG. 14. The fluorescence spectrum for the same parameter val-
ues as Fig. 13, but with a narrow-band Gaussian beam ~implicitly
u5p/10). In frames ~a!, ~b!, ~c!, and ~d!, m takes on the values 8g ,
4g , 2g , and 0.5g , respectively @for N(0)51, i.e., k/2E.2.5, the
corresponding values of k are approximately 32g , 15g , 8g , and
2g].
FIG. 15. The resonance fluorescence spectra for N~0!
50.3 ~k/2E.4!, F50, and V56g with R50.99, L5l/2, rx50,
rz5L/2, and a Gaussian squeezed beam. The dashed line is the
spectrum in the absence of squeezing N(0)50, while the dotted
line corresponds to squeezing with m5g (k.3.5g) and the solid
line is for m5V (k.20g).
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spectrum of the same system plus coherent driving field was
first derived by Carmichael, Lane, and Walls @3#. They
showed that depending on the relative phase between the
squeezed and driving fields the width of the central line
could be broader or narrower than for the normal vacuum.
We assume a value of F5p for the squeezing phase and set
V56g . As can be seen narrowing of the central line relative
to the normal case is evident even for a small squeezing
photon number, N(0)50.3, in the Gaussian squeezed beam.
The dashed line in the figure corresponds to a value of
m5g (k.3.5g) for the N(v) half-width, and it is included
to show that for the given values of V and N(0) some nar-
rowing is achievable for this value of m . The solid line cor-
responds to m5V (k.20g), and for this value substantial
narrowing is achieved; in fact, increasing the bandwidths fur-
ther produces no discernible increase in the narrowing for
this value of N(0). In general, in the strong driving regime,
as the Rabi frequency increases so must the squeezing band-
widths in order for significant line narrowing to be observed
~the value of m is dictated by the fact that we require k.V
for cases of moderate squeezing!. Stronger squeezing,
N(0)'1, for instance, does allow a reduction in the squeez-
ing bandwidths required for significant narrowing; however,
large values are difficult to achieve at present. Thus it is clear
that for well-resolved peaks and present experimental values
of N(0) clear observation of these features would be diffi-
cult.
V. CONCLUSIONS
We have analyzed the interaction of a driven two-level
atom inside a Fabry-Perot microcavity which is damped by a
squeezed vacuum reservoir, of essentially arbitrary band-
width. By considering the three-dimensional form of the in-
teraction, we model a realistic experimental situation. Hav-
ing outlined the main differences with the one-dimensional
treatment we investigated the possibility of reproducing re-sults previously derived both in the free-atom environment
and the one-dimensional cavity analysis. As in previous pub-
lications @7,20# our main concern was with the resonance
fluorescence from the driven atomic system. This incorpo-
rated both the regimes of strong and weak to moderate co-
herent driving. In the strong driving regime we concentrated
on the spectral line narrowing predicted for the atom damped
by a squeezed vacuum. We have shown that, provided the
question of squeezing bandwidths could be catered for, then
these effects are readily apparent in this analysis for experi-
mentally accessible values of the various parameters and this
includes the likely scenario of a mode mismatch between the
input squeezed field and the cavity. In the weak to moderate
driving regime we considered the anomalous spectra @8# and
the possibility of preparing an atom in a pure state. Again, to
a greater or lesser extent depending on the availability of
moderate squeezing bandwidths, many of these effects with-
stood the practical requirements implicit in the analysis of
this paper, and could perhaps be worthy of experimental in-
vestigation. The observation of the dispersive spectral pro-
files will, however, prove much more difficult than the ob-
servation of hole burning effects.
We also considered the possibility of obtaining large
dressed-state inversions. We have shown that substantial
population inversions can in fact be obtained and do persist
over large fractions of the cavity volume. This again was
shown to be the case under conditions which certainly seem
to be within the reach of experiment, including the squeezing
parameters. With the recent progress in isolating single at-
oms in traps, there may be some reason for optimism in
experimentally observing these properties.
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